Seven genomic fragments encoding isoforms of tomato (Lycopersicon esculentum) plasma membrane H+-ATPase were cloned and characterized. Genomic DNA gel-blot analysis indicated that probes corresponding to LHAl through LHA7 hybridized to a common set of seven to nine restriction fragments at moderate stringency and to single, distinct fragments at high stringency. RNA gel-blot and polymerase chain reaction (PCR)-based RNA analyses indicated that LHA1, LHA2, and LHA4 transcripts were present in all organs examined (roots, hypocotyls, stems, immature leaves, mature leaves, green fruit, and red ripe fruit). LHAl mRNA was present at similar abundance in all organs, LHA2 mRNA was most abundant in hypocotyls and leaves, and LHA4 mRNA was most abundant in roots and hypocotyls. RNA gel-blot and RNAbased PCR assays indicated that lHA3, lHA.5, LHA6, and LHA7 mRNA was present at very low or nondetectable levels in all organs, suggesting that these genes are either expressed at very low levels or in organs not examined or that they are regulated by hormonal or environmental cues that were not tested. Indoleacetic acid (IAA) treatment of tomato hypocotyl segments resulted in modest changes in abundance of LHA1, LHA2, and LHA4 transcripts, but these changes were not correlated with the time course of IAAinduced growth. In addition, constitutively silent LHA genes were not activated by IAA. These results indicate that at least seven genomic sequences are present in tomato that may encode plasma membrane H+-ATPases, at least three of which are expressed relatively abundantly at the mRNA level.
The enzyme primarily responsible for active transport in plants is the plasma membrane H+-ATPase. It is a member of an evolutionarily related family of cation-translocating ATPases that includes the Ca2+-ATPases of plants and animals, the plasma membrane H+-ATPase of fungi, and the Na+,K+-ATPase of animals. This family of P-type ATPases is characterized by formation of a phosphorylated intermediate, inhibition by vanadate, and structural similarity in several conserved domains (Serrano, 1989) . The activity of the H+-ATPase generates an electrochemical gradient across the plant cell plasma membrane that drives a number of secondary transport systems, includmg those responsible for the translocation of cations, anions, amino acids, sugars, and hormones (Poole, 1978; Reinhold and Kaplan, 1984) . The activity of the H+-ATPase also contributes to the maintenance of intracellular and extracellular pH (Smith and Raven, 1979) . Plant Physiol. Vol. 106, 1994 encode six different isoforms of the H+-ATPase. We have also utilized PCR to identify an additional genomic sequence that may represent a portion of a gene encoding a seventh isoform. Utilizing gene-specific probes in RNA gel-blot and RNA/PCR analyses, we demonstrate the differential expression of three isoforms and examine the levels of transcripts of the seven isoforms in response to IAA treatment of tomato hypocotyls.
MATERIALS AND METHODS

Genomic Clone Isolation
Approximately 5 X lo5 clones from a tomato (Lycopersicon esculentum) X Charon 35 genomic library (Deikman and Fisher, 1988) were screened with an EcoRI-EcoRV restriction fragment encompassing bp 1304 to 2201 of the cDNA clone LHA1 (Ewing et al., 1990 ) by plaque hybridization (Sambrook et al., 1989) . Prior to hybridization, filters were prewashed for 1 h at 42OC in 5X SSC, 0.5% SDS (w/v), and 1 m EDTA (pH 8.0) and prehybridized at 42OC for 8 h in 50% formamide (v/v), 5X SSPE, 5X Denhardt's solution, 0.2% SDS (w/v), and 100 pg/mL sheared and heat-denatured herring sperm DNA. Hybridization was carried out for 20 h at 42OC in 50 mL of buffer consisting of 50% formamide (v/v), 5X SSPE, l x Denhardt's solution, 10% dextran sulfate (w/v), 0.01% sodium pyrophosphate (w/v), and 100 pg/mL sheared and heat-denatured herring sperm DNA. The LHA2 EcoRI-EcoRV restriction fragment was labeled by nick translation as described by the supplier (BRL) incorporating [32P]dCTP to a specific activity of 8.2 x lo8 cpm/pg, and was added to the hybridization buffer to a final concentration of 2 ng/mL (1.6 X lo7 cpm/mL) after denaturation for 10 min at 95OC. Final washes were performed at 65OC in 2X SSC, 0.1% SDS (w/v) for a total of 30 min. Autoradiography was carried out at -8OOC with Kodak XAR-5 film and an intensifying screen (Cronex, Dupont, Wilmington, DE) for 12 h and again for 4 d. Hybridizing plaques were isolated and carried through two to four successive rounds of screening, as above, which yielded 67 clones.
PCR Amplification of Genomic Clones and Genomic DNA
Two degenerate oligonucleotides, a 22-mer designated F1 [5' GCT CTA GAA(G) CAC(T) AAA(G) TAC(T) GAA(G) A 3'1 and an antisense 17-mer, F2 [5' AT A(C,G,T)GT A(G)TA G(T)TT C(T)TT CAT 3'1, which correspond to amino acids 571 to 576 (EHKYEI) and 645 to 650 (MKNYTI) of the deduced amino acid sequence of the cDNA LHA1 (Fig. l), were synthesized (Operon Technologies, Inc., Alameda, CA) and used for PCR amplification (Saiki et al., 1988) of genomic clone phage stocks (5 x 10' to 1 x lo9 plaque-forming units per reaction) and purified X DNA (10 ng per reaction). X DNA was purified from phage precipitated with PEG from liquid lysate cultures as described (Sambrook et al., 1989) . Phage template reactions were heated to 95OC for 10 min and placed on ice prior to beginning the PCR. AmpliTaq DNA polymerase (Perkin-Elmer/Cetis, Norwalk, CT) and overlaid with 50 pL of mineral oil. PCR was performed in an automated thermal cycler (Perkin-I3lmer/Cetus) for 30 cycles with denaturation for 1 min at 9 4 T , annealing for 2 min at 37OC, and extension for 2 min at 52OC. A third primer, F3 [5' TCC(T) AGC(T) GAC(T) AAA(G) ACA(C,G,T) GGA(C,G,T) AC 3'1, which corresponds to amino acids 331 to 337 (CSDKTGT) of the cDNA LHAI, was paired with the F2 primer in PCRs under the conditions described above to amplify a larger region of LHA5 and LHA6 genomic clones for sequence analysis.
Genomic DNA was isolated from leaves o!' field-grown tomato (cv Castlemart) by the method of Murray and Thompson (1980) as modified by Bematzky and Tanksley (1986) PCR amplication of tomato genomic DNA was carried out as described above using 10 ng of DNA in each reaction.
DNA Sequencing of PCR Products
PCR. products to be sequenced directly were purified by filtration through Centricon 30 columns (Amicon, Beverly, MA). Sequencing was by the dideoxynucleotide method (Sanger et al., 1977) using [35S] dATP and modjfied T7 DNA polymerase (Sequenase, United States Biochemical) using the Sequenase kit and a modified procedure in which doublestranded PCR products were denatured by boiling for 5 min and placed at -7OOC. Extension mix was then added as the reaction thawed at room temperature, and the reaction was incubated an additional 45 s at room temperahre. Termination was carried out for 2 min at 37OC (Casanova et al., 1990) .
Products from the PCR amplification of genomic DNA were purified by filtration through Centricori 30 columns (Amicon) and subcloned directly into the vector PCR using the TA cloning kit according to the manufacturer (Invitrogen, San Diego, CA) and were sequenced using Sequenase according to the manufacturer (United States Biochemical).
The reported sequences were confirmed by sequencing both strands of products generated in a miniinum of three separate PCR amplifications for each gene. Sequence analysis was carried out using the MacVector software, package (International Biotechnology Inc./Kodak, New Haven, CT) and the PC/Gene software package (Intelligenetics, Palo Alto, CA).
Genomic DNA Blot Hybridization Analysis
Tomato genomic DNA (5 pg) was digested with the indicated restriction enzymes, fractionated on a 0.8% agarose gel, and blotted to nylon membranes as described previously (Southern, 1975; Ewing et al., 1990) . Membranes were hybridized with individual restriction fragments of the cDNAs LHA1 and LHA2 (which include those portion:; amplified by the F1 and F2 primers) as described previously (Ewing et al., 1990 ) and the PCR-amplified Fl-F2 region of LHA3 through LHA7 genomic clones, labeled with [32P]dA'IP by random priming (Feinberg and Vogelstein, 1983) . Hybridization was carried out at 65OC in 1% SDS (w/v), 1 M sodium chloride, 10% dextran sulfate (w/v), and 100 pg/mL denatured salmon sperm DNA with labeled probe added at 5 >I: lo6 cpm/mL (10 ng/mL). Final washes were performed at 55OC in 5X SSC, 0.2% SDS (w/v) for 30 min for low-stringency conditions and at 65OC in 0 . 1~ SSC, 0.2% SDS (w/v) for 1 h for high-stringency conditions. Autoradiography was camed out as described above.
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Plant Materials
frozen in liquid nitrogen, and stored at -7OOC. Roots were harvested from tomato seedlings hydroponically grown in aerated 1X Hoagland solution (Epstein, 1975 ) under fluorescent lighting for 2 weeks after germination. Hypocotyls were from seedlings grown hydroponically, as above, and maintained in the dark until harvest 10 d after germination. Plant Physiol. Vol. 106, 1994 frozen in liquid nitrogen. The remaining sections were incubated for 1 h in buffer containing 2.5 m~ KHJ'O4 (pH 5.2) and then transferred to buffer containing 2.5 m~ KHzP04 (pH 5.2), 2.5 m~ KCl, 1 m~ Ca(NO&, and 3% Suc with or without IAA added at a concentration of 1 X M (Kelly and Bradford, 1986) . Incubations were carried out at 2OoC with gentle agitation on a rotary shaker. Sections were frozen in liquid nitrogen after 1, 2, and 4 h of IAA treatment.
RNA Isolation and RNA/PCR
Total cellular RNA was isolated by the method of Cathala et al. (1983) . Co-purifying genomic DNA was removed by digestion with RNase-free DNase (Stratagene) as described (Sambrook et al., 1989) . For reverse transcription, 1 pg of total RNA and 1 or 10 pg of intemal standard RNA (described below) were combined and heated to 65OC for 5 min, placed on ice, and incubated with Moloney murine leukemia virus reverse transcriptase (200 units; BRL) for 30 min at 42OC in a total volume of 20 pL, containing l x first-strand buffer (50 each dNTP, 10 m~ DTT, 10 units of RNasin (Promega), and 100 pmol of random hexamer primers (Promega). Minusreverse transcriptase controls were treated identically except that 1 pL of l x first-strand buffer was added in place of the 1 pL of reverse transcriptase added to non-control reactions.
To generate intemal standards, the cDNA clone LHA2 in the vector pCGNl703 (Ewing et al., 1990) was modified by the insertion of a 705-bp fragment of heterologous DNA (a Dra1,HincII fragment from bp 35 to 740 of the full-length ascidian cytoskeletal actin cDNA) within the region amplified by the Fl-F2 primer pair. RNA was transcribed from this modified LHA2 cDNA in vitro using T7 RNA polymerase and treated with RNase-free DNase (Stratagene) to remove template DNA. One-half (10 pL) of each reverse transcription reaction was added to a PCR (50 pL final volume), overlaid with mineral oil, and amplified under the conditions described above. PCR products were electrophoresed on 1.8% agarose gels using 20 pL of each reaction per lane and transferred to Magna nylon membranes (Micron Separations, Inc., Honeoye Falls, NY) by capillary transfer (Southem, 1975) . Hybridization controls consisting of purified F1-F2 regions representing each LHA were included on each gel.
Hybridizations were carried out as for genomic DNA blots using the PCR-amplified Fl-F2 region of each genomic clone labeled by random priming as described by the supplier (United States Biochemical). Final washes were in 0.1X SSC, 0.2% SDS (w/v) at 65OC for 1 h, allowing gene-specific hybridization of each probe. Autoradiography was carried out at -8OOC using pre-flashed Kodak XAR-5 film with an intensifying screen. Hybridization signals were quantified by densitometric scanning of autoradiograms within the linear response range using the Bioimage analysis system (Millipore, Ann Arbor, MI).
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RESULTS
Isolation and Identification of H+-ATPase Genomic Clones
Previously, genomic DNA gel-blot analysis had demonstrated the presence of multiple cross-hybridizing sequences related to the tomato H+-ATPase cDNAs LHA1 and LHA2 (Ewing et al., 1990) . To identify additional genes that might encode H+-ATPases in tomato, genomic clones crosshybridizing to the previously characterized LHA1 cDNA were isolated. Initial screening of approximately 5 X LO5 X genomic clone plaques by hybridization to a region of the LHA1 cDNA identified 67 plaques.
To characterize the group of genomic clones, a pair of degenerate oligonucleotide primers, F1 and F2, were designed based on the amino acid sequences of domains flanking an ATP-binding domain that is highly conserved 4imong P-type ATPases (Fig. 1B) . The amino acids corresponding to the oligonucleotides F1 and F2 are 100% conserwd among the characterized plant H+-ATPases (Fig. 1B) and amplify a 209-bp region that corresponds to the 69-amino acid region from amino acids 576 to 644 of the deduced amino acid sequence of LHAZ. The F1 and F2 primers were used in PCRs with either purified X DNA or high-titer phage stock!; as templates. Twenty-six resulting PCR products were subcloned and sequenced.
The nucleotide sequences of representatives of each LHA indicated in Figure 1 were confirmed by sequencing both strands of products generated in a minimum of three independent PCR reactions. Based on nucleotide sequence analysis, there were representatives of four newly identified genes (designated LHA3, LHA4, LHA5, and LHA6) in addition to representatives of LHA1 and LHA2 (Fig. 1) . Thwe clones were found to correspond to LHA1, 10 to LHA2,6 to LHAS, and 5 to genes LHA5 and LHA6. The 5 clones corresponding to LHA5 and LHA6 are identical over the Fl-F2 retjon; however, genomic Southem analysis (described below) indicated that members of LHA5/6 are likely represented t y two closely related genes. To assess this, another primer (F3) was designed to prime the PCR closer to the 5' end of the coding region and to encompass an intron within the 1;2-F3 domain.
Products were amplified from the LHA5 and LHA6 genomic clones with the F2-F3 primer pair and DNA sequence analysis of 250 bp of one strand of these products indicated that LHA5 and LHA6 genomic clones represent two distinct genes that are 78% identical at the nucleotide level over this region, which appears to encompass an intron boundizd by portions of two exons.
Cloning of Related Sequences from Genomic DNA
Genomic DNA gel-blot analysis using LHA1 and LHA2 probes suggested that the LHA gene family might include as many as eight to nine members. Because w12 had isolated only six individual genes, an approach utilixing PCR was undertaken as a means of identifying additional LHA genes.
The Fl-F2 primer pair was used to prime PCR amplification of genomic DNA, the products were subcloned, and 55 of them were sequenced. Multiple subclones were identified that represented the previously characterized genomic clones. In addition, eight identical subclones were found that correspond to a seventh closely related sequencr! (LHA7 three positions that are invariant among all other H + -ATPases cloned to date (Fig. IB) . It appeared that a high level of fidelity was achieved in the amplifications, since all of the subclones matching each LHAl through LHA6 were 100% identical to the genomic clones over the region sequenced, and the sequences of all members of the LHA7 group were identical.
Sequence Analysis
Comparisons of the deduced amino acid sequences of LHAl through LHA7 over the 69-amino acid region shown in Figure IB indicated a high degree of conservation over this domain. The two regions flanking this domain, from which the Fl and F2 oligonucleotides were derived, show 100% conservation among the cloned plant H + -ATPases, but the sequences of these domains were not determined for LHA3 through LHA7. Comparisons made over the complete sequences of plant H + -ATPases have led to the suggestion that it is appropriate to differentiate two subfamilies within the H + -ATPase gene family, with LHAl and PMA1, PMA2, and PMA3 constituting one group, and PMA4 and AHA1, AHA2, and AHA3 forming a second group (Moriau et al., 1993) . Examination of the limited 69-amino acid region determined for LHAl through LHA7suggests that LHAl and LHAl belong to the first subfamily, since they are identical to PMA1, PMA2, and PMA3 over this region, and that LHA4 belongs to the second subfamily, since it is identical to PMA4, AHA1, and AHA2 and differs by one amino acid from AHA3. LHA3 and LHA5 through LHA 7 do not clearly fall into either subfamily and may constitute a distinct subfamily of H + -ATPases. Comparisons of the nucleotide sequences of the F1-F2 region from each LHA clone also suggests that plant H + -ATPase genes naturally separate into two or more subfamilies. The dendrogram shown in Figure 1C supports the conclusion that LHAl, LHA2, and PMA1 through PMA3 form a subfamily and that LHA4 groups with PMA4 and AHA1 through AHA3. LHA3 and LHA5 through LHA7 are most similar to each other over this region and may form a third subfamily or a branch of the subfamily that includes LHA4.
DNA Gel-Blot Analysis
LHAl and LHA2 hybridized to a common set of fragments in genomic DNA gel blots carried out at moderate stringency (T m -25°C), identifying four to six fragments in addition to themselves. To determine whether these fragments corresponded to LHA genes 3 through 7, genomic Southern blots were probed with the F1-F2 region of each clone (Fig. 2) . When these hybridizations were carried out at moderate stringency, a subset of fragments hybridized to all probes; additional hybridizing fragments were also detected that cross-hybridized with only one or more of the probes. Highstringency hybridizations indicated genomic fragments corresponding to each gene. As described above, sequence analysis indicated that LHA5 and LHA6 represent two genes that are identical over the F1-F2 region but that differ in nucleotide sequence outside of this region. Genomic DNA gel blots shown in Figure 2 support this conclusion, since F1-F2 region probes representing LHA5 and LHA6 hybridized to two fragments even at very high stringency (final washes at 70°C in O.lx SSC, 0.1% SDS). When the fragments that cross-hybridize with each LHA probe were assembled schematically and the fragments corresponding to each gene were assigned (Fig. 2C) , it was apparent that an additional two to four weakly cross-hybridizing fragments were not represented by LHA1 through LHA7. Thus, there may exist additional related genes in the tomato genome.
LHA mRNA Abundance
Since the LHA family of genes in tomato consists of seven or more closely related genomic sequences, analysis of the expression of each LHA gene may yield insight into the physiological role of each corresponding H + -ATPase isoform. RNA gel-blot analysis was used to examine the relative abundance of mRNAs encoding LHA1 through LHA7 in tomato root, stem, immature leaf, mature leaf, and red ripe fruit (Fig. 3) . Hybridizations carried out with the F1-F2 region of LHA1 through LHA7 show readily detectable mRNA levels corresponding to LHA1, LHA2, and LHA4. LHA5/6 hybridization was barely detectable, and LHA3 and LHA7 provided very little signal even with extended exposures. LHA1 mRNA was present at similar abundance in the five organs tested, with its lowest level in roots and its highest level in ripe fruit. LHA2 mRNA was found predominantly in leaves, both immature and mature, was present at a lower level in ripe fruit, and was relatively least abundant in roots and stems. LHA4 mRNA was present in roots, at a somewhat lower level in leaves, and at a lower level still in stems and ripe fruit. LHA5/6 mRNA was barely detectable in roots and mature leaves. This pattern suggests that LHA5 or LHA6 may be expressed at exceedingly low levels, since this pattern of expression does not parallel that of the individual or combined signals of LHA1, LHA2, or LHA4, which would be expected if the signal simply resulted from cross-hybridization with these isoforms.
The analysis of LHA1 through LHA 7 mRNA levels was also carried out using a PCR-based assay in an attempt to increase the sensitivity of detection of LHA transcripts. Also, since this assay requires only 1 /tg of total RNA for each reaction, it was reasoned that the assay could be used to analyze mRNA levels in experiments such as the IAA treatment of hypocotyls described below, for which it can be difficult to obtain enough RNA for poly(A) + RNA gel-blot analysis. To quantitatively compare the efficiency of individual RNA/PCR reactions, an internal standard was constructed from the LHA2 cDNA by inserting a 705-bp spacer within the region amplified by the F1-F2 primer pair. RNA transcribed in vitro from this construct (designated LHA2mod) was treated with RNase-free DNase to remove template DNA, was quantified, and was included with the sample RNA in each reaction set. Since the nucleotide sequence of LHA2mod RNA (excluding the spacer insert) is the same as that of the native LHA2 transcript and since both include the Fl and F2 primer sequences, reverse transcription and PCR amplification would be expected to proceed with similar efficiency for both RNAs. The inclusion of this standard in each reaction provides a basis on which to normalize the efficiency of PCR amplification between samples (Wang et al., 1989; Prendergast et al., 1992) .
To assess the linearity of the RNA/PCR assay and to quantify the level of LHA2 mRNA, 1 /ig of hypocotyl RNA was reverse transcribed and PCR amplified for 30 cycles with increasing amounts of LHA2mod internal standard (Fig. 4, A  and B) . With the exception of the amount of internal standard included, these reaction conditions are identical to those in all RNA/PCR assays described here. Reverse transcription and PCR of the LHA2mod internal control unexpectedly generated a second band smaller than the expected size. The doublet has been generated in every reaction in which LHA2mod is included. Despite this, the LHA2mod internal control should still provide a measure of the overall reaction efficiency, allow determination of the linearity of the reaction, and provide a basis for estimating the abundance of LHA2 mRNA. Densitometric quantification of autoradiographs from hybridizations to the products generated from reactions with 5, 12.5, 25, and 50 pg of input LHA2mod RNA (Fig. 4B) shows a linear increase through this range of target transcript. Assuming that LHA2mod and LHA2 transcripts are amplified with similar efficiencies, we estimate from the data in Figure 4 that LHA2 is present at an abundance of about 25 total RNA. If poly(A) + RNA represents 2% of the total RNA pool, LHA2 transcript comprises approximately 0.1% of poly(A) + RNA in hypocotyls. As shown above, the F1-F2 region of LHA1 through LHA6 genomic clones were individually amplifiable by PCR with the degenerate oligonucleotides Fl and F2, as was the F1-F2 region of LHA2 through LHA7 from a pool of total genomic DNA. These results indicated that the Fl and F2 primer pair could potentially be used to quantitatively amplify LHA 1 through LHA 7 transcripts from total RNA in a single RNA/ PCR reaction. To test this we first examined whether equal starting amounts of the individual LHA2 through LHA6 genomic clones are amplified equally under the conditions of the RNA/PCR assay. Figure 4C shows that similar amounts of product are generated with LHA2 through LHA6 genomic clones as templates, indicating that efficiency of amplification of these LHAs is nearly equal. To test the possibility that competition for primers might cause a decrease in amplification efficiency, we carried out reactions identical to those just described except that a 15-fold molar excess of the plasmid containing the internal standard LHA2mod was included in each reaction (Fig. 4C) . The comparison showed that the amount of product derived from each genomic clone is very nearly equal in the presence and absence of LHA2mod template, indicating that competition for primers is not limiting the efficiency of these reactions. It is also important to note that these reactions were carried out with approximately 100-fold greater amounts of starting template than are present in the RNA/PCR assays, further supporting the conclusion that, with the lower template concentrations in the RNA/ PCR assays, competition for primers is not likely to affect the final amount of product.
To assess organ-specific expression of the LHA isoforms, RNA/PCR assays were performed using 1 ng of total RNA from tomato roots, hypocotyls, stems, immature leaves, mature leaves, immature fruit, and red, ripe fruit. Figure 5A shows representative results of one replication of the assay probed with the F1-F2 region of each LHA gene. Results were quantified and corrected for reaction efficiency based on the level of LHA2mod internal standard (Fig. 5B) . The highest levels of mRNA are seen for LHA1, LHA2, and LHA4. These three LHA genes are expressed in all organs assayed, although in varying relative amounts. LHA1 mRNA was most abundant in hypocotyls and immature leaves; was present at lower and similar levels in roots, stems, and mature leaves; and was present at slightly lower levels still in immature and red ripe fruit. LHA2 mRNA was most abundant in hypocotyls, immature leaves, and mature leaves and was present at lower levels in roots, stems, immature fruit, and mature fruit. LHA4 mRNA was most abundant in roots, was present at a slightly lower level in hypocotyls, and was present at lower levels in stems, immature leaves, and mature leaves, and was least abundant in immature and red ripe fruit. LHA3, LHAS, LHA6, and LHA7 probes indicated a low level of signal with extended exposures. However, a low level of cross-hybridization was also seen in lanes containing purified F1-F2 regions, which prevents us from concluding that these mRNAs accumulate to detectable levels in these organs. Each assay was repeated at least twice for each LHA gene with essentially the same results.
Overall, the patterns of expression of LHA isoforms deter- mined by RNA/PCR analysis paralleled the results obtained by RNA gel-blot analysis, with LHA1 showing similar levels of expression in the organs examined, LHA2 showing highest levels of expression in immature and mature leaves, and LHA4 showing highest levels of expression in roots. Some variability in apparent patterns of expression is seen with the two methods of mRNA assay, especially with regard to LHA1. This most likely resulted from actual differences in transcript levels between samples, since different RNA preparations were used in the two assays. mRNA corresponding to LHA3, LHA5, LHA6, and LHA 7 was either barely detectable or absent as judged by RNA gel-blot hybridization, and similar results were obtained by RNA/PCR analysis, indicating that these transcripts are either absent in these tissues or, in the case of LHA5/6, near the limit of detection.
Effects of IAA on the Expression of LHA Isoforms
Kelly and Bradford (1986) have shown previously that growth of tomato hypocotyl segments is IAA stimulated. We chose this system as a convenient one in which to examine the possibility that the transcript abundance of one or more of the LHA isoforms increases in response to IAA. We repeated the experiment of Kelly and Bradford (1986) in which hypocotyl section lengths were compared after 10 h of treatment in buffer with or without the addition of 10 ^M IAA and obtained similar results. We also extended the analysis by examining the time course of hypocotyl section extension with treatments of up to 18 h (Fig. 6) . Between 0 and 2 h lAA-treated sections extended at the highest rate, whereas buffer controls extended at a slightly lower yet still relatively high rate. After 2 h the rate of extension of the control sections dropped rapidly to a low level, whereas lAA-treated sections continued to extend at a moderate rate. RNA was isolated from hypocotyls at 0 h and after 1, 2, and 4 h of treatment in either buffer alone or buffer with 10 /IM IAA added. RNA/PCR assays were performed to determine levels of each LHA mRNA, and one replication of the assay is shown in Figure 7 . A second replication of all assays was www.plantphysiol.org on July 22, 2017 -Published by Downloaded from Copyright © 1994 American Society of Plant Biologists. All rights reserved. carried out for each time point. Transcript levels were quantified in the separate replications, adjusted for differing reaction efficiencies based on the level of the LHA2mod internal control detected in the hybridization with LHA2, and averaged. After 4 h of auxin treatment, levels of LHA1, LHA2, and LHA4 mRNA were elevated up to 2-fold over the control treatments. However, at earlier time points, when IAAstimulated growth was apparent, LHA1, LHA2, and LHA4 transcript levels were equal or reduced in lAA-treated sections relative to control sections. Perhaps most notably, none of the constitutively silent LHA genes were activated by IAA treatment.
DISCUSSION
Genomic clones encoding P-type ATPases that potentially represent six isoforms of the plasma membrane H + -ATPase (designated LHA1 through LHA6) were isolated. PCR amplification of genomic DNA resulted in the isolation of an additional genomic region, representing a seventh isoform (LHA 7). Comparisons of the deduced amino acid sequences of the ATP-binding domain shown in Figure 1 , which is highly conserved among all P-type ATPases, shows that LHA1 through LHA7 are at least 89% identical to all other plant H + -ATPases that have been cloned. Genomic Southern analysis carried out with probes specific for each LHA gene identified a common set of restriction fragments at moderate stringency, supporting the conclusion that LHA1 through LHA7 constitute a gene family. Nucleotide and amino acid sequence comparisons further suggest that LHA1 and LHA2 group within one subfamily, which includes the N. plumbaginifolia isoforms PMA1, PMA2, and PMA3 as well as the rice cDNA clone OSA1, and LHA4 groups with a second subfamily that includes PMA4 and AHA1, AHA2, and AHA3, whereas LHA3 and LHA5 through LHA7 do not clearly fall into either of these subfamilies when comparisons are carried out over the domain examined in this study and may correspond to a third subfamily (Fig. 1C) . The identification of sequencerelated H + -ATPase subfamilies in different plants will allow integration of the information obtained from these studies, which, in turn, should aid in understanding the physiological role of each isoform. In this study we showed that LHA1 is expressed at similar levels in the organs examined, LHA2 is most highly expressed in immature and mature leaves, and LHA4 is most highly expressed in roots. Comparisons of these patterns of expression with those published for the other members of each subfamily suggest that LHA4 may be functionally equivalent to AHA1 or AHA2, since one or both of these isoforms are more highly expressed in roots than other organs examined (Harper et al., 1990) .
We have presented sequence information that suggests that LHA1 through LHA7 encode H + -ATPase isoforms. Several additional pieces of evidence support the conclusion that LHA1 through LHA7 represent genes that encode plasma membrane H + -ATPases, or closely related pseudogenes, and not other P-type ATPases. Other P-type ATPases that have been identified in plants are a plasma membrane Ca 2+ -ATPase, an ER Ca 2+ -ATPase, and possibly other intracellular Ca 2+ -ATPases (Evans et al., 1991) . We have reported the cloning of a tomato Ca^-ATPase, which is encoded by a single gene (Wimmers et al., 1992) . The nucleotide and deduced amino acid sequences of the ATP-binding domain of this Ca 2+ -ATPase differs from that of LHA 1 through LHA7 (Fig. IB) . Also, genomic Southern blots hybridized with the Ca 2+ -ATPase probe identify a set of restriction fragments that are clearly distinct from the set recognized by LHA1 through LHA7 (Wimmers et al., 1992) . The LHA1 through LHA7 gene family probably does not include the plasma membrane Ca 2+ -ATPase either, since purification of this protein indicated that it is a 140-kD polypeptide (Briars and Evans, 1989) and RNA gel-blot analysis with LHA1 through LHA7 failed to identify a transcript large enough to encode a polypeptide of this size. Hybridization to RNA gel blots was detected with LHA1, LHA2, and LHA4 probes, and in all cases an approximately 3250-nucleotide transcript was identified (Fig. 3) . Although the LHA1 through LHA7 gene family does not include a previously identified Ca 2+ -ATPase and probably does not include a 140-kD plasma membrane Ca 2+ -ATPase, we cannot rule out the possibility that it includes other, less wellcharacterized Ca 2+ -ATPases or P-type ATPases that have been previously uncharacterized in plants. RNA/PCR analyses with gene-specific probes indicated that LHAZ, LHAZ, and LHA4 mRNAs differentially accumulate throughout the plant. Quantification of the RNA/PCR assay showed that LHA2 transcripts reach a maximal level of up to 0.1% of the mRNA pool in hypocotyls and leaves and also indicated a lower limit of detection for the RNA/PCR assay of less than 1 pg transcript/pg total RNA. LHA3 and LHA5 through LHA7 transcripts were not detected in these assays. The possibility remains that LHA3 and LHA5 through LHA 7 are expressed in specialized cell types, tissues, organs, or developmental stages we have not examined, or are simply present at levels not detectable with these methods. Alternatively, LHA3 and LHA5 through LHA7 may represent pseudogenes.
Transcriptional activation of the genes encoding the H+-ATPase has been proposed to be involved in the auxininduced growth response, since an inhibitor of transcription, cordycepin, prevents the growth response and movement of newly synthesized H+-ATPase to the plasma membrane (Hager et al., 1991) . To examine LHA transcript levels in tomato hypocotyls undergoing IAA-induced growth, RNA/ PCR analysis was performed and revealed that the isofoms L H A I , LHAZ, and LHA4, which are expressed in untreated hypocotyls, either remain at the same level or decrease slightly after 2 h of auxin treatment and increase relative to controls after 4 h of auxin treatment. In addition, the isoforms LHA3, LHA5 through LHA7 remain undetectable after IAA treatment. These results suggest that the increase in growth that is apparent after 2 h of auxin treatment does not result from an increase in steady-state levels of LHA transcripts already present in hypocotyls or from the activation of constitutively silent genes. It is possible that endogenous IAA maintained expression of IAA-inducible LHA genes during our assay, as suggested by the work of McClure and Guilfoyle (1987) , although this interpretation is inconsistent with the effects of IAA on hypocotyl growth and with experiments we have camed out to test this possibility (N. Mito and A.B. Bennett, unpublished data). We cannot rule out the possibility that relatively small changes in transcript levels are IAA regulated, since we did not consider changes less than 2-fold to be significant. In addition, a spike in transcript levels prior to the first time point examined, at 1 h, would not have been detected. If tomato hypocotyls respond to IAA by mobilizing pumps to the plasma membrane, as has been demonstrated in Zea mays (Hager et al., 1991) , this mobilization may result from the action of IAA on H+-ATPase translation and recruitment to the plasma membrane without modifying mRNA levels.
